Abstract The source of the catastrophic 1908 Messina tsunami, southern Italy, is studied by best-fitting the available datasets of observed runup with a previously published empirical function (i.e., the expected runup distribution). The maximum runup is ∼12 m and was measured ∼30-40 km to the south of the area where the maximum coseismic dislocation and Mercalli-Cancani-Sieberg (MCS) intensities were recorded. The observed runup drops from ∼12 m to less than 1 m in a few tens of kilometers. The comparison between observed and expected runup distributions suggests that the main cause of the 1908 tsunami was a mass failure, thus supporting previously published evidence including tsunami arrival times, bathymetric maps, and chronicles reporting the interruption of submarine cables. This article adds a significant case history to the very limited database of thoroughly documented runup for landslide tsunamis.
Introduction
The collection of tsunami runup data and analysis of their spatial distribution are very important to understand the cause of the parent tsunami, to forecast plausible scenarios of future events, and to establish a reliable database, against which numerical and physical models should be tested for a proper validation (e.g., Borrero et al., 2003; Davies et al., 2003; Okal et al., 2003; Borrero et al., 2006; Synolakis and Kong, 2006; Ioualalen et al., 2007; Borrero et al., 2009; Synolakis and Kânoğlu, 2009 ). In particular, understanding the source of a tsunami when it is caused by a seismically triggered submarine landslide is usually very challenging because of the paucity of detectable evidence. In the case of the 1998 Papua New Guinea tsunami, for instance, the hydroacoustic record proved to be the defining factor in recognizing this event as a landslide tsunami ; when such evidence is lacking, however, the runup distribution is one of the most important clues to discriminate between possible tsunami sources (e.g., Okal and Synolakis, 2004; Fritz et al., 2007; Gerardi et al., 2008; López-Venegas et al., 2008; Okal et al., 2009) . Billi et al. (2008) addressed the problem of the source (i.e., seismic dislocation or mass failure) for the catastrophic 1908 Messina tsunami, Ionian Sea ( Fig. 1 ), concluding that a submarine mass failure was the main source of the tsunami. This conclusion was based on a series of evidence including tsunami arrival times and bathymetric maps, as well as chronicles reporting the interruption of submarine cables (Baratta, 1910; Ryan and Heezen, 1965) . Billi et al. (2008) also displayed the tsunami runup data, which, however, were not compared with the expected distribution of earthquake and landslide tsunami runup (e.g., Okal and Synolakis, 2004) , thus leaving these data substantially unexplained. More recently, Gerardi et al. (2008) , by analyzing a dataset of tsunami runup partially different from that shown by Billi et al. (2008) , concluded that the 1908 tsunami was caused by the seismic dislocation.
In this article, we analyze the runup datasets available in the literature for the 1908 tsunami (Platania, 1909; Baratta, 1910; Gerardi et al., 2008) and discriminate between the possible tsunami sources by best-fitting these datasets with the function of expected tsunami runup proposed by Okal and Synolakis (2004) as described next.
Our study includes some important implications. The first implication concerns the tsunami hazard in the Ionian Sea. Knowing the causes and effects of past tsunamis is, in fact, fundamental to estimate the potential risk in this region.
The second implication concerns modeling of the causative fault for the 1908 Messina earthquake (M ≈ 7:1), which was one of the most destructive ever documented in the Mediterranean area . This causative fault is substantially still unknown (Pino et al., 2009) . One important element of confusion is whether the related tsunami was caused by the seismic dislocation or not and, therefore, whether the tsunami data (e.g., runup and arrival times) should be considered or not in identifying and modeling the fault (e.g., Tinti and Armigliato, 2003) .
The third implication concerns the tsunami science in general. The database of thoroughly documented runup for landslide tsunamis is very limited. For instance, Okal and Synolakis (2004) , in studying the runup distribution of both earthquake and landslide tsunamis, provided only one or two well-documented instances of landslide tsunami runup. Such poor information limits the chances of validating numerical models of landslide tsunamis against actual data. If our results will confirm that a mass failure was the main cause of the 1908 tsunami (Ryan and Heezen, 1965; Billi et al., 2008) , then this instance will add a useful case history to the database of landslide tsunami runup.
The 1908 Messina Earthquake and Tsunami
On 28 December 1908, at 5:21 a.m., local time, a catastrophic earthquake Mercalli-Cancani-Sieberg (MCS) maximum intensity XI; estimated magnitude ≈ 7:1; duration ≈ 30-40 sec) struck the region of the Messina Straits between Sicily and Calabria (Fig. 1b) . The earthquake caused major destruction and at least 60,000 deaths (Omori, 1909; Mercalli, 1909; Baratta, 1910) . Although the causative fault of the earthquake is still poorly constrained, most models place the epicentral area in the central-southern section of the Messina Straits, off Reggio Calabria (Fig. 1b) , where the maximum MCS intensities and geodetic (i.e., vertical) deformations were recorded (Loperfido, 1909; Baratta, 1910; Valensise and Pantosti, 1992; Pino et al., 2000 Pino et al., , 2009 . In these models, in accordance with the local extensional regime (Neri et al., 2005; Billi et al., 2006) and with the leveling data acquired immediately prior and after the 1908 earthquake (Loperfido, 1909) , the causative fault is assumed as normal, the coseismic slip is estimated as ranging between 1.3 and 2.7 m (Table 1) , and the maximum seafloor dislocation is estimated as approximately 0:7 m (Capuano et al., 1988; Valensise and Pantosti, 1992) .
Within minutes of the earthquake, a tsunami with maximum measured runup of almost 12 m hit the coasts of Calabria and Sicily (Omori, 1909; Platania, 1909; Baratta, 1910). The cause of the 1908 tsunami has been repeatedly addressed since its occurrence; at present, the main conclusions regarding it are as follows:
1. The main evidence suggesting a nonseismic source includes the tsunami minimum travel time and maximum runup (Platania, 1909; Baratta, 1910; Billi et al., 2008) . These data were, in fact, recorded along the Sicilian coast near Giardini (Fig. 1b) , which is approximately 40 km from Reggio Calabria, where the maximum coseismic dislocation and MCS intensities were recorded (Loperfido, 1909; Valensise and Pantosti, 1992) . Based on this evidence, Omori (1909) claimed that there was a probable noncoincidence in the location of the earthquake compared with that of the tsunami. 2. In the Ionian Sea, the occurrence of a large submarine landslide connected with the 1908 earthquake is proven by the interruption of the submarine cables connecting Malta to Zakynthos, Greece, approximately 10 hours after the 1908 earthquake at a site located approximately 150 km away from the Messina Straits (Baratta, 1910; Ryan and Heezen, 1965) . 3. In previous numerical simulations, the extreme runup values of the 1908 tsunami could not be explained on the basis of the seismic source alone (Tinti and Armigliato, 2003; Piatanesi et al., 2008; Tappin, Watts, Grilli, Dubosq et al., 2008; Favalli et al., 2009 ). 4. In contrast with the landslide tsunami hypothesis, Gerardi et al. (2008) , comparing the runup data for the 1908 tsunami with the expected distribution proposed by Okal and Synolakis (2004) , claimed that the observed runup distribution is typical of earthquake tsunamis.
Method Okal and Synolakis (2004) published results from numerical modeling of tsunami runup in the near-field for a dataset of 72 simulations of sources involving either earthquake dislocations or landslides. By systematically varying the parameters describing the tsunami source and the receiving beach, Okal and Synolakis (2004) quantified the influence of these parameters on the amplitude and distribution of tsunami runup. In particular, the following relationship was recognized as the function best-fitting both experimental and observed runup distributions: ζy b=fy c=a 2 1g;
(1) where ζ is the runup along the linear distance y that approximates the real coastline, and a, b, and c are optimized by best-fit and are, respectively, the lateral half-extent, maximum amplitude, and peak abscissa of the runup distribution. It was also empirically demonstrated that when I 1 , which is the ratio between b and the coseismic slip, and I 2 , which is the ratio between b and a, are greater than 1 and 10 4 , respectively, the main cause of the tsunami is not the seismic dislocation but a landslide. In contrast, when I 1 and I 2 are smaller than 1 and 10 4 , respectively, the main cause of the tsunami is presumably the seismic dislocation. A complete treatment of the relationship between runup distributions and influencing factors is available in Okal and Synolakis (2004) .
To test whether the procedure that is hereafter used complies with that of Okal and Synolakis (2004) , we graphically sampled the data points from six diagrams (i.e., tsunami runup versus distance diagrams) provided by Okal and Synolakis (2004) , and then determined, for the six datasets (Ⓔ see Table S1 in the electronic edition of BSSA), the values of a, b, and c (equation 1), for which the corresponding bestfit curve minimizes the residuals between the data and the curve itself. The comparison (Table 2) between the original parameters obtained by Okal and Synolakis (2004) and those obtained in this article by the graphic sampling of data shows that the procedure used complies well with that proposed by Okal and Synolakis (2004) and that errors on I 2 connected with the graphic sampling are equal to or less than 4.3% (Table 2 ).
Data and Results
Through eyewitness accounts and field surveys, Platania (1909) and Baratta (1910) acquired large and accurate datasets of runup for the 1908 tsunami. These two datasets are Table 2 Comparison between Parameters (Equation 1) Obtained by Okal and Synolakis (2004) * and the Same Parameters Obtained in This Article † Okal and Synolakis (2004) This Article only in part independent, as M. Baratta conducted his posttsunami survey often comparing his measurements with those previously made by G. Platania.
We plotted the runup data acquired by Platania (1909) and Baratta (1910) on the Ionian coast of Sicily (Table 3) against distance and determined the best-fits of these data using equation (1) (Figs. 2a,b) . The best-fits are characterized by a significant amplitude (b) and a narrow lateral half-extent (a), such that their ratio (I 2 ) is greater than 10 4 (Table 4 ). This result is consistent with the ratio I 1 , which is between a minimum of 2.7 and a maximum of 6.0 depending on the coseismic slip (Table 1) . Gerardi et al. (2008) applied the method of Okal and Synolakis (2004) to a dataset that includes both the tsunami runup reported by Platania (1909) and Baratta (1910) and a set of runup obtained by converting the available inundation data (i.e., by Platania, 1909 and Baratta, 1910 ) with a relationship formulated by Hills and Mader (1997) (Fig. 2c) . We graphically sampled the data points plotted by Gerardi et al. (2008) (Table 5) , determined the best-fit of these data using equation (1), and plotted the computed best-fit in Figure 2(c) . By comparing the statistical parameters associated with the best-fit curve computed by Gerardi et al. (2008) and with that computed in this article (Table 4) , we infer that the latter one is the curve that best minimizes the residuals between the observed data and the expected distribution (see RSS, RMS, and R 2 in Table 4 ); hence, it is the curve that best complies with the method of Okal and Synolakis (2004) . Our computed curve (Fig. 2c) is characterized by values for the parameters a, b, and c very similar Platania (1909) and Baratta (1910) . In each site, we reported and analyzed only the maximum runup height among those reported by Platania (1909) and Baratta (1910) . † Distances are taken along the A-A' track shown in Figure 1b . Table 4 List Figure 2c and the axis origin of Figures 2a,b . RSS is the residual sum of squares, RMS is the root mean square (i.e., the square root of the mean squared deviation of the observed data from the best-fit), and R 2 is the coefficient of determination.
† Note that RSS, RMS, and R 2 for Figure 2b are strongly influenced by the Calabernardo runup. ‡ Figure 2b′ designates the parameters for the best-fit of data by Baratta (1910) excluding the Calabernardo runup.
§ RSS, RMS, and R 2 for the curve by Gerardi et al., (2008) are designated as approximate (∼) because they are computed from the graphically sampled dataset of runup (Table 5) .
to those previously computed for the datasets of Figures 2a,b (Table 4) . Moreover, the ratio I 2 is greater than 10 4 and is consistent with the ratio I 1 , which is between a minimum of 2.6 and a maximum of 5.3 depending on the coseismic slip (Table 1) .
To test the stability of the best-fit curves computed in this article (and, hence, the stability of a, b, and c) for the runup datasets of Figure 2 , we ran the best-fit procedure (equation 1) on 100 subsets of each dataset (Tables 3 and 5) , each subset being randomly reduced by 10% of data. We plotted the values obtained in each run for a, b, and c, and for the root mean squares, in histograms (Ⓔ see Fig. S1 in the electronic edition of BSSA). The results of this procedure support the stability of the computed curves.
Discussion and Conclusions
The best-fitting function (equation 1) experimentally determined by Okal and Synolakis (2004) to match the runup distribution of either earthquake or landslide tsunamis was shown to be suitable and stable also for the case of the 1908 Messina tsunami (Fig. 2 and Table 4 ).
The ratios I 1 and I 2 obtained from the best-fitting curves indicate that a mass failure was likely the main cause for the (Tables 3 and 5 ). The best-fit parameters are reported in Table 4 . (b) The best-fit involves also the runup datum from Calabernardo (i.e., 10 m), which was estimated as strongly dubious by Baratta (1910) . Parameters from the best-fit of data excluding the Calabernardo runup are listed in Table 4 . (c) The diagram is redrawn from Gerardi et al. (2008) . Note that, although the three diagrams are geographically aligned (i.e., coincident), to respect the original diagram of Gerardi et al. (2008) , the origin of axes in (c) is different from the ones in (a) and (b). Table 5 Data ( 1908 tsunami, thus supporting previous studies (Ryan and Heezen, 1965; Billi et al., 2008; Billi et al., 2009; Favalli et al., 2009) . The available data, however, do not allow us to exclude a contribution by the seismic dislocation on the tsunami runup (e.g., Piatanesi et al., 2008; Tappin, Watts, Grilli, Dubosq et al., 2008; Favalli et al., 2009) . According to Okal and Synolakis (2004) , this contribution should not be larger than the coseismic slip, which is estimated between 1.3 and 2.7 m (Table 1 ). This notion is consistent with numerical simulations by Piatanesi et al. (2008) , who obtained a maximum runup of ∼2 m when considering the 1908 seismic dislocation alone, concluding that an additional landslide source is necessary to explain the observed extreme runup (∼12 m). We conclude that: (1) new geophysical and marine surveys should be accomplished in the Ionian Sea to estimate the vulnerability to mass failures and to related tsunamis; (2) in identifying and modeling the causative fault of the 1908 earthquake, the tsunami data (i.e., runup and arrival times) should be disregarded unless it is possible to quantify and separate the effects of the mass failure and seismic dislocation on both runup and arrival times of the tsunami.
The case history presented here adds to the very limited database of well-documented runup for landslide tsunamis, such a database being fundamental for validating numerical simulations of tsunamis.
Data and Resources
The DISS Working Group (2007) database was searched using www.ingv.it/DISS.
